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Abstract 

We study the potential of a future e + e~ collider for the search of anomalous jti and 
Zti couplings, assuming that CP-invariance holds. This is done in a model-independent 
way, considering that all six possible couplings do appear. Two experimental situations 
are envisaged, with and without e ± beam polarization. Observability limits in the form 
of domains in the 6-dimensional parameter space are established. Illustrations for spe- 
cific constrained models are also presented and implications for new physics searches are 
discussed. 
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1 Introduction 



The properties of the recently discovered top quark |] has been the subject of many 
speculations 0. Theoretical motivations for them deal with the problems of the scalar 
sector associated to mass generation and the high value of the top mass, close to the value 
of the electroweak scale. Some experimental hints also came from possible anomalies 
observed in the heavy quark production at LEP1/SLC ||. 

The phenomenological description of non-standard top quark properties mostly rely 
on the effective lagrangian method which is the proper way to describe New Physics (NP) 
in case all new degrees of freedom are too heavy to be directly produced in the various 
Colliders Q. This effective lagrangian is supposed to be derived from a more fundamental 
interaction after integrating out the heavy NP degrees of freedom. It describes the residual 
NP effects in terms of operators involving the Z ,W, 7, t, b and gluon fields, with the 
option of including || ||, [7j or not the Higgs boson as a fundamental particle ||. 

This way one predicts anomalous properties for the top quark; i.e. departures from 
the Standard Model (SM) couplings that could be revealed by studies of the production 
and decay modes. Assuming that NP is CP invariant, the set of operators used to con- 
struct the effective lagrangian, although restricted by dimensional and gauge symmetry 
considerations, is rather large, which means a large number of unknown couplings. An 
underlying theory |9|, [II], [11] would certainly relate these couplings to more fundamen- 
tal parameters. But nowadays such relations are lacking so that studies of NP effects 
predicted by this description usually proceed by taking each operator one by one and 
ignoring possible correlations. 

In this paper we take a somewhat different attitude. Assuming that NP is CP invariant 
and that its effects on the process e~e + — > ti only arise from modifications of the jtt 
and Zti vertices, we present a fully model independent analysis of this process, keeping 
as free parameters all six vector, axial and tensor couplings describing these vertices. 
We establish observability limits in this 6-dimensional parameter space spanned by the 
departures from SM values of these couplings. This allows us to discuss discovery limits 
for NP contributions of any structure. We then also give a few simple illustrations for 
constrained models where a certain number of relations are imposed among the couplings, 
leaving for example, only four, three, two or even one free parameters. 

We illustrate in full detail the case of ITeV e + e~ collider and briefly mention how the 
results change for the cases of 0.5 or 2 TeV colliders. With the foreseen luminosity one 
expects more than 10 4 ti events in this high energy region [12"], so that even after taking 
into account detection efficiencies |13j , the basic accuracy in the determination of the NP 



couplings is still at the few percent level. If the jtt and Zti couplings are assumed to 
be generated from a specific operator then we can translate the sensitivity limits on the 
above couplings, to bounds on the corresponding NP scale 0, |14| . 

In establishing the observability limits we emphasize the special role of a set of an- 
gular asymmetries which, to first order in the NP couplings, are independent of the top 
decay properties and depend only on the structure of the relative magnitudes of the spin 
density matrix elements of the produced t-quark. This allows us to separate the anoma- 
lous effects in the production process that we want to study in the present paper, from 
those the top decay amplitude, which either modify the tWb vertex or open new decay 
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channels involving e.g. Higgs bosons. We find that a study of the top spin density matrix 
allows to construct 4 different asymmetries when the e 1 * 1 beams are unpolarized, and 7 
additional ones when the e ± beams are longitudinally polarized. This way we obtain 
model-independent constraints on two ytt and one Zti couplings which do not receive 
any SM contribution at tree level; [i.e. on d], dj and (if below). For the determination of 
the remaining 3 couplings, one more information is needed which should determine their 
overall scale. For this we use the magnitude of an integrated top quark density matrix 
element, like e.g. the ti production cross section. Such a density matrix element though 
is of course also sensitive to uncertainties on the top quark decay width and branching 
ratios. We quantitatively discuss these effects, as well as the implications on the measure- 
ments of the aforementioned two sets of couplings for the general 6-parameter case and 
also for the restricted 1-, 2-, 3- and 4- parameter cases. 

Finally we discuss the implications that our results could have on the study of the 
structure of the underlying NP which can most generally be described in terms of a set 
of dim = 6 operators [|, [7). 

The organization of the paper is the following. In Section 2, we present the amplitudes, 
cross sections and asymmetries, and establish their dependencies on the NP couplings. 
Section 3 is devoted to the derivation of the constraints on the NP the parameters and to 
an estimate of the experimental accuracies. Applications are then made in Section 4 to the 
general 6-parameter cases, as well as the 4-, 3-, 2- and 1- parameter cases. Observability 
domains are given in Figures and Tables. The final discussion is given in Section 5. 
Appendix A collects the coefficients of the NP couplings controlling the sensitivity of 
each observable. 



2 Observables 

The general CP-conserving structure of the ^ti and Zti vertices is written as[] || 

_ ie Vj» = -i eve lu t {p)[^dX{q 2 )+^l h d v 2 {q 2 ) + {p-prdl{q 2 )/mtW) , (1) 

where is the polarization of the vector boson V = 7, Z. The outgoing momenta (p, p') 
refer to (t, i) respectively and satisfy q = p + p' . The normalizations are determined 
by e 7 = e and ez = e/(2swcw), while d\ are in general q 2 dependent form factors. 
Non-vanishing contributions to the these couplings from SM at tree level only arise for 

rv,SM0 2 ,Z,SM0 1 ^2 ,Z,SM0 1 / \ 

d{ = 3 , «i = 9vt = 2 - > "2 = ~9 At = - - ■ (2) 
Departures from the SM values are then defined as: 

d* = dV-dY M , (3) 



lr The definition of d\ in (|) differs from the one in [|| by a factor of 1/ 
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for V = 7, Z. The e~e + — > ti helicity amplitude is written as F\ 7T y, where A = A(e~) = 
— A'(e+) = ±1/2 denote the e~, e + helicities, while r and r' represent respectively the t 
and i helicities. Using the couplings defined in ([[]), we obtain 

F\ )TiT i = Yl 2\e 2 ^(A v -2\B v )\d 1 [2m t sm65 TT > + y/scos9(r' — r) — 2\\fs5 T - T >] 

V=>y,Z I 

-42|^|[cos^ r _ r / +2A(r-r')] -dY^^-sm95 TT \ , (4) 
- m t J 

where Ay, By describe the contribution of the vector and axial Vee vertex. In this paper 
we assume that the Vee vertices are standard, which implies thatQ 

A 7 — — , A z = 2 3v 2 e , B 7 = , B z = 2 ^ A 2 e , (5) 

9ve = ~ + 2s 2 w , g Ae = -l/2 , (6) 

and Dz = s — Mf + iMzTz, s = q 2 . In (f|), 6 is the (e~, t) scattering angle in the (e~, e + ) 
cm. frame. Because of CP invariance, the amplitude in (B) satisfies [113 



F\, t ,t> — Fx- T '- T , (7) 
and is normalized so that the unpolarized e~e + — > ti differential cross section is given by 

da(e~e + -> ti) 3(3 t 



dcosO 1287rs , 

X,t,t' 

where f3 t = (1 — ^-) l l 2 and the colour factor has been included. 
The density matrix for top-quark production is 

Pn2=E^,n,^W > ( 9 ) 

where L,R correspond respectively to A = A(e~) = — A'(e+) = =Fl/2. All density matrix 
elements are real, so long as the imaginary parts of the dj(q 2 ) are neglected. Because 
of (0), there are only six independent such elements, namely , pJ- and p+O' = p-+, 
which can be measured through the top production and decay distributions. Unpolarized 
e T beams allow to measure only the three (L + R) density matrix elements, whereas the 
three (L — R) ones require longitudinal e ± beam polarization. 

The general expression of the differential cross section for e + e~ — > ti with t — > bW — > 
blui and longitudinally polarized [L(R) e~] and [R(L) e + ] beams, is written (compare 
eq.(B6,B7) of §) as 



2 An NP contribution to the Vee vertex of the type suggested by the Class 3 operators of M can 
be also described by the present formalism, by introducing vector and axial jee form factors through 
Ay = —dj e /s and £> 7 = —d^ e /s, and correspondingly modifying also gy e , 9Ae- 
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da L ' R 9/3tT(t -> bW) SM Br(W -> Zi/, 



p^f-TC T1T2 , (10) 



d cos fld^id cos i^icZVid cos 6i (8vr) 3 s(2M^ + m?)r t FtiT2 

where T t is the total top width, T(t — > bW)sM describes the SM contribution to t — > bW 
and the Wlu\ vertex is taken to be standard 0. 
In ( jTG|) the definition 



+ \{p++ - P -) L ' R (n ++ - + A*(n + - + u- + ) (ii) 

is used, where the 1Z T1T2 factors are elements of the top decay matrix introduced in eq.(B9- 
Bll) of ref. and include any possible NP contribution to the t —>■ bW decay. The 
quantities TZ and the differential cross section in ([TDD, depend on the three Euler angles 
(if i, ipx) determining the t — > bW — > blui decay plane in the rest frame of the top, as 
well as on an additional angle Q\ describing the decay distribution of Z within the top decay 
plane. In it has been shown how appropriate averages over the Euler angles allow to 
project out quantities proportional to each of the three different p-factors given in (|TT1), 
multiplied by top-decay functions depending on the t — > Wb decay couplings. These 
averages allow the construction of three types of observables and are done as follows: 

• Type A arises by projecting out the first term in ( |TT| ) including (p ++ +p ) L ' R , which 

is achieved by integrating eq.flTOD over d<pid cosflidi/jid cos 6i. These observables 
measure the structure of the top production differential cross section, when we sum 
over the t-polarizations. 

• Type H, arising from the second term (p ++ — p ) L ' R , is related to the top quark 

helicity. It is extracted though an integration of eq. (|T0|) using the projector 

Ph = cos ipi + r sin ipx , (12) 
where the parameter r is a priori free. It is chosen 

3nm t M w 



4(m? - 2M^; 



(13) 



so that to maximize the statistical significance of the results, by optimizing to the 
angular dependence of the SM distribution. 

Type T, arising from p+'_ , is related to the top quark transverse polarization. It is 
obtained by integrating (|T0"1) using the optimized projector, 

Pt = cos sin <pi cos — sin -01 sin<pi+r(sin'0i cos<pi cos^i + cos^i sin <pi) . (14) 
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In each of these cases, various asymmetries with respect to the top production angle 
9 may be constructed, which allows us to get rid of the top-decay couplings contained in 
the TZ factors in (|TT|). Thus, these asymmetries depend only on the six different p elements 
appearing in (|TT|) . To present them, let us first single out more precisely the contents of 
the three types of p terms in flTT|). Using ||, the p L±R top density matrix elements are 
expressed, in terms of the jti and Zti couplings (compare (jj)) 



df 



U i 4 „2 2 



Xdf 



d 



R 



dl- 



X 



2c 



■df 



(15) 



where \ = s/(s 

(p++ + P- 
(P++ - P- 



L±R 



L±R 



P 



L±R 



and the Z width is neglected for s = q 2 > Am 2 . We thus have 



2e 4 



sin 2 9 



Am 2 . 



Af ±R + (1 + cos 2 9) A 



L±R 



A/3 t cos 9 A 



L±R 

3 



4e 4 [(l + cos 2 9) (3 t Bf ±R - cos 9B L 2 



yL±Rl 



r Amt 



sin 9 



Cf ±R - cos 9 fi t C L 2 



L±R 



,(16) 
(17) 
(18) 



where 



B. 



L±R 



L±R 



L±R 



Ai 



A^ R 

j\LtR 



L±R 



(~iL±R 



2[f 



12 T2 
lL 



-di 



df 

mi 

(4) 2 + A 2 (4) 2 

d~y — L d-^ d^ •) 



± 



d{ 



R 



2\~f 



-df 



df df 



2[f 



4 



4 - 



m 2 t 
2[f\ 



mi 



-4 



-4 



«) 2 + AW 

Tdf fdf 



2|p>' 2 



±d R 



d R - 



2[f 



mi 



df 



(19) 

(20) 
(21) 

(22) 
(23) 



Introducing in analogy to (|3]), the NP contributions df, df to the couplings defined in 
(pT5|), and expanding to first order in them, we get 



Ai 



L±R 



(d 



■ 2 ± [d R SM ] 



ISM) 



+2d L 



ISM 



df 



2\~f 



ml 



-4 



±2d 



R 

ISM 



df 



2[f 



-4 



(24) 



B. 



L±R 



L±R 



Af^ R 



Af TR 



L±R 



(df SM ) 2 =F {dfsM? + A 2 [(4 5 m) 2 =F (d R M ) 2 } 
+2d 1SM d l =F 2d lSM d 1 + 2(3 t [<i 2 SM^2 -F d %SM d 2 ] 

AL jL _i_ iR iR 
a lSM a 2SM 31 a lSM a 2SM 



\f]L iL i jR jR , — 1 — ^ ,fR 



(4sM; 



T(d 



ISM J 



(25) 
(26) 
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L ~L ~R 2 I~pT L ~L R -R 

+2o? 15M (i 1 =F ^d 1SM d 1 2 [d 1SM d 3 =f d 1SM d 3 ] , (27) 



mi 



|2 



r L±R ,L iL _i_ iR ,R 2 I P I \jL JL , ri? TRi 

°2 — tt 15M tt 25M 31 a lSM a 2SM 2 i a 2SM a 3 ^ a 2SM a 3 \ 

m t 

+ d 1SM d 2 ± df SM d~2 + d 2SM d x ± d R SM d R ■ (28) 



The angular dependence of each of these p elements in (|16|-|T8|) is determined by linear 
combinations of terms of the form (1 + cos 2 #), sin 2 9, cos9, sin9 and sin 9 cos 9. The 
aforementioned asymmetries just measure the relative ratios of the coefficients of these 

terms, in each of the three p elements mentioned above. Thus, from the (p++ + p ) L±i? 

elements in (|HJ), involving six A^ ±R terms as coefficients of the sin 2 9, (1 + cos 2 9) and cos 9 
angular dependencies, we construct five ratios not depending on the top decay properties. 

^From the (p++ — p ) L±i? - elements in (|I7]), containing four B^ ±R terms associated to 

the (1 + cos 2 9) and cos# dependencies, we can construct three such ratios. Finally, from 
the p^t R elements in (|Tj|) and its four Cf terms associated to the sin 9 and sin 9 cos 9 
angular dependencies, another three ratios are possible. Altogether we thus have 11 ratios 
that can be measured. This is achieved by constructing 4 asymmetries for unpolarized 
beams and another 7 for polarized ones. They are asymmetries of A-, H- and T-type 
mentioned above ||. Below, we enumerate them: 

Unpolarized asymmetries 

For unpolarized beams there are two A-type asymmetries possible which test (p++ + 
p ) L+R . The forward-backward asymmetry 

~ ~ [-) Af+R+ ^ f « ' < 29 > 



and the edge-central one 



3 \ A L+R — Am \\ L+R 

2 el 



Moreover, there is the forward-backward asymmetry for (p++ — p ) L+R 

H FB = ~ \ Tk+R. ' ( 31 ) 



and the forward-backward asymmetry for (p H ) L + i? - 



T FB = -[^)^m • (32) 



Polarized asymmetries 

For polarized beams there is the left-right asymmetry for the total cross section which 
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tests + p ) L,R and gives 



^lA^ n + A 



L—R 



I L—R 



A 



LR 



(33) 



the forward-backward asymmetry of (p++ + p_ 



FB 



.4 



L-i?, 



2 el 



(34) 



the edge-central asymmetry of (p ++ + p. 



\L-R 



APol 



3\ A 



L-R 



bit; 



Ai 



L-R 



W A 



L-R 



2m? 



1 A L—R 

2 



(35) 



In addition there are two H-type asymmetries which test the left-right asymmetry of 
(p++ — p ) L)R integrated over the t production angle 6 



H 



LR 



Bi 



L-R 



L+R 



and the forward-backward asymmetry of (p_| 



P— 



xL-R 



Tjpol 
n FB 



Bt R 



MJ B{ 



L-R ' 



(36) 



(37) 



and another two T-type asymmetries testing the left-right asymmetry of the integrated 
(P- )'-" 

qL-R 

Tlr = 777X7? > ( 38 ) 



(jL+R i 

and the forward-backward asymmetry of {p+-) L ~ R 



T, 



rpol 



FB 



K 37rJCi 



L-R 



L-R 



(39) 



To these 11 asymmetries which are independent of any NP effects in the top de- 
cay couplings, we now add the three quantities measuring the overall magnitude of the 
unpolarized p L+R elements in (|TT|) , integrated over 9. These elements, multiplied by 
Br(t —>■ bW — > blui), are obtained from the event distribution flTU|), either by simply 
integrating over the Euler angles of the top decay plane, or by also using the projectors 
mentioned (00 0. 

For determining the overall magnitude of the p's, the knowledge of Brit — > bW — > blv\) 
is needed. Thus, integrating (|Tt]) and dividing the result by Brit — > bW — > blui), we get 
the unpolarized e~e + — > ti total cross section 



ale e 



ti) 



L+R 



Ida 
Br{t -> bW 



2%a 2 {3 t 



2ml 



blv{) 
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A L+R + A L + 



R 



(40) 



determined by (p ++ + p ) L+R in (|T6|). The quantity a t is of course a type A observable, 

according to the above classification. We also have the type H observable determined 
by (p++ — p ) L+R in ( fPTD and defined by 

H = SPuda L+R = ,WK-2tf^)(l + r 2 ) BL+R Ul) 
1 Br(t ^ bW ^ blvi) 2s(m 2 + 2M^) 1 1 J 

in terms of the projector in (|1~2]) and da L+R from flTOl) . Finally (p H ) L +- R j n (|18| ) deter- 
mines T t through 

_ /Pt^ L+J? _ 7r 2 Aa 2 m t K-2M^)(l+r 2 ) L+i? 



Br(t -^bW ^ blvi) 2s 3 / 2 (m 2 + 2M\ 



w) 



using the projector in fll4|) and r given in eq . fll3|) . The effect on these quantities, of the 
top decay branching ratio and of the detection efficiencies, will be taken into account in 
Section 3. 

So in the whole, we have the 14 observables in p9|4l2D corresponding to the measure- 
ments of the coefficients of the various angular terms appearing in the p elements. Eleven 
of these observables, defined in ( ]2"9"| - |3"9"| ) , are ratios of such coefficients, which are there- 



fore independent of the top-decay parameters involving the 10 combinations of couplings 
defined in (Il9|-E23D or (MSI 



3 Experimental accuracies and constraints 



The analysis then proceeds by writing for each of the 14 observables A 1 in (|29| - [42]), the 
departures from the SM prediction at first order in NP parameters, as 

5A* = A'- A l ' SM = J2 K % ■ (43) 
i=i,6 



The coefficients Kj, deduced from the expansions are given in Appendix A. 

A priori it could seem sufficient to just use the 11 asymmetries for a determination 
of the six NP couplings, since the asymmetries are experimentally preferable quantities 
being independent of the overall normalization of the data. But this is actually not 
true, since asymmetries are only sensitive to the relative ratios of the d? , <fj (j = 
1 — 3) couplings. Thus, asymmetries cannot impose important constraints on couplings 
receiving non-vanishing values in SM at tree level. Additional information is needed 
to fix the overall normalization of these couplings. This can either be done by using 
an extra measurement sensitive to overall coupling normalization, or by imposing an 
appropriate non- homogeneous constraint which will force some of the couplings that 
have non vanishing SM values, to retain their magnitudes even in the presence of NP. 

• Thus we can use the measurements of the total e + e~ — > tt cross section a t , and/or 
any of the two other combinations of the integrated p density matrix elements ex- 
pressed through the quantities H t or T t ; compare fl4"0| - |i2"D . As mentioned previously, 
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these quantities are sensitive to the top quark decay width. To take this into ac- 
count we consider two extreme cases for the uncertainties of a t , H t or T t . In the first 
case these uncertainties are taken to be ~ 2%, which is of the order of magnitude of 
possible NP effects in t — > Wb and the ytt or Zti couplings; while in the second case 
we take the uncertainties to be of order of 20%, which is the type of uncertainty 



expected for the experimental measurement of the top decay width] 13 



• Alternatively, we impose a (non- homogeneous) constraint on the dj , like e.g. forcing 
some of them to have their SM values. For example this is what happens in the 3- 
or 4-parameter cases presented below. 

The observability limits are now obtained by the following procedure. For each ob- 
servable A\ we estimate an experimental uncertainty 5A l exp . Following fll3"l , we assume 
an overall reduction of the number of events by a factor 0.18 due to branching ratios, 
reconstruction of events, efficiencies and detector acceptance. We then apply statistical 
considerations to the projected events, in the three types A, H and T observables defined 
above. The results are given in Table 1. 

Assuming that the measurements coincide with the SM expectations and demand- 
ing that for an NP effect to be observable, the statistical uncertainty should be smaller 
than the effect expected due to the NP couplings (compare p4"[]28|) , we write for each 
observable the inequality 

IE*#I > ^r 2 > ( 44 ) 



.)-- 



SM 



where n < 6 NP is the number of the NP couplings considered. We then combine 
quadratically all such information coming from the I available observables. This gives at 
one standard deviation the observability domain which is outside the ellipsoid surface 

E lEt^-R^T = i (45) 



SM 



4 Applications 

4.1 6-parameter case 

We first consider the most general case with 6 free parameters dj, df, i = 1,2, 3. Results 
are collected in Table 2 for a 0.5, 1, 2 TeV collider and illustrated in Fig.l for the 1 TeV 
case. Remember that only the three parameters dj, df , df receive SM tree level con- 
tributions. We start by considering the constraints due to all 11 asymmetries, assuming 
that polarized e beams are available. As expected, only the 3 pure NP couplings dj, 
o?3, df, (for which there is no SM analog), are then strictly constrained, as one can see in 
Fig.l(d,e,f) and in Table 2. For these three couplings, the observability limit is around 

\dj\ > 0.01 . (46) 
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Among the other 3 couplings, dj, df, df , one constraint is missing and this is the 
origin of the band in Figs.la,c,e relating pairs of these parameters. The width of the band 
is of a few percent. 

We have then considered how a measurement of a t , H t and T t with an uncertainty 
of 20% or 2% on the decay width would limit these bands. In fact only one of these 
quantities would be sufficient to limit the bands, and it turns out that a t is the most 
efficient, since the statistical weight associated to it is the largest. In the following results 
all three informations are statistically included in the ellipsoid. This is also shown in 
Fig.la,c,e where one sees that the band is transformed into ellipses whose sizes are of the 
order of ±0.025 to 0.05. In addition in Table 2 and in Fig.l(g,i,k) one sees, as expected, 
that this additional information does not much improve the determination of the set of 
three pure NP couplings which are already severely constrained by the asymmetries. 

If no e ± beam polarization is available, we have only 4 asymmetries at our disposal, 
and it is necessary to add the information coming from at, H t , T t in order to constrain 
the system of 6 free parameters. The results are shown in Table 3 and in Fig.l(b,d,f,h,j,l). 
The constraints on the pure NP couplings d^, dj, df, are now a factor 2 less stringent; 
i.e. they lie at the 0.02 level. The other three couplings get also more freedom by a factor 
2 and are now allowed to reach the 0.08 level. 

All our figures correspond to the case of a 1 TeV collider. Expectations for 0.5 TeV 
and 2 TeV can be compared in Tables 2-7. The change is not dramatic. The most notable 
energy dependence concerns the tensor couplings d)f . For the other ones the sensitivity 
is much milder. Remember that we assumed that the luminosity grows like s so that 
the number of events is roughly the same at all three considered energies. So only the 
intrinsic s dependence of the NP couplings shows up in this comparison. 

4.2 4-parameter case 

We here consider the case of only 4 free parameters. We impose the photon NP couplings 
to be of a pure a^ v q u type with no axial coupling, that means 

d\ = -2dl , 4 = , (47) 

so that the 4 free parameters are taken as d% and df (i = 1,2,3). This constraint is 
satisfied by the tree level NP contributions of all operators considered in ||. In the 
notations of ||, these operators are O t 2, Oot, Otw<s> and O t B<$>- 

We have considered both polarized (11 asymmetries) and unpolarized (4 asymmetries) 
cases, illustrated in Fig. 2 (a,c,e,g,i,k) and (b,d,f,h,j,l), respectively. We observe that a 
meaningful constraint is already obtained in the unpolarized case at the 0.1 level without 
at, H t or T t measurements. Furthermore, in this case the additional constraint due to a 
measurement of at at a 20 % accuracy, reduces the allowed domain by a factor 5, while 
another factor 2 would be obtained if the accuracy is at 2%. Having polarized observables 
at our disposal improves notably the constraints, reaching the 0.01 level, even when only 
asymmetries are used; compare Fig. 2 and Table 4. 
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4.3 3-parameter case 



A 3-parameter case is obtained from the 4-parameter one by imposing that the NP con- 
tribution to the Zti couplings only involves the a^ v q v and the right-handed 7 M (1 + 7 5 ) 
couplings. This is suggested by the tree level contributions of the dynamical models stud- 
ied in JL(]|| . Indeed, it has been found that in the dynamical models studied in [ID], that 
only three operators can be generated which contribute at tree level to the Zti vertex. 
These operators, named G t2 , O t w® an d O t B<s> in |K|, lead precisely to the aforementioned 
types of couplings. 

We first show in Fig. 3 the ellipsoid containing the invisible domain at 1 TeV in the 
3-parameter space (d^, df , d§ ), for the polarized case. When projected on the three axes 
one obtains the ellipses shown in Fig.4(a,c,e). The comparison with the unpolarized case 
is done with Fig.4(b,d,f). Results for these NP couplings, collected in Table 5, appear 
to be of similar type as those of the 4-parameter case, with the constraints reduced by 
roughly a factor 2. In some cases these constraints reach the 0.005 level. 



4.4 2-parameter case 

We have also analyzed the 2-parameter case suggested by the chiral description. In 
this case NP contribute only to the vector and axial couplings of the Z. The effective 
Lagrangian is written as || 

C = ~4^^ t[K " Cr{1 ~ ^ + + ^* tZ » ' (48) 

which gives the NP contributions in our notations as: 

d? =^r+4 c -(i-^)] , (49) 

d z 2 = - \\4 C - 4 C - 1] • (so) 

The corresponding constraints are shown in Fig.5 and Table 6. One can appreciate 
the role of the polarization (an improvement from the 0.1 to the 0.01-0.02 level). Also 
in the unpolarized case the measurement of the cross section allows to reach the few 0.01 
level, but with polarization this level is already obtained with asymmetries only. 



4.5 1-parameter case 

Finally we reconsider the simplest case in which all effective operators listed in |J are 
taken one by one. We want to appreciate the role of the different observables in obtaining 
the constraints on the associated coupling constants. The expressions of the dj couplings 
have been established in ||. Results are given in Table 7 for the polarized and the 
unpolarized case. Corresponding to each coupling we give in parenthesis the value of the 
NP scale obtained from the unitarity relations established in 0. The values are in the 
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order of magnitude expected from the rough analysis made in ||. Polarization generally 
increases the visibility domain by a factor 2. Operators contributing at tree level lead 
obviously to the largest effects and in some cases NP scales of the order of 50 TeV can be 
reached. 

5 Conclusions 

In this paper we have studied the observability of NP effects on the jti and Zti couplings 
in a model independent way through the process e~e + — > ti. We have considered the 
rather general situation involving the 6 anomalous CP-conserving couplings. 

We have first tried an analysis which would not be affected by the unknown top quark 
decay couplings. For that purpose we have used 4 unpolarized and 7 polarized asymme- 
tries, constructed from the top quark density matrix elements, which are independent of 
the decay couplings. We have obtained severe constraints on the set of the 3 pure NP 
couplings; i. e. those that receive no SM contributions. The observability limits in this set 
of NP couplings (d^, dj and df ) vary from 0.01 to 0.02, independently of any top decay 
uncertainties. 

For the other three couplings dj, df and (if, which receive tree level SM contributions, 
asymmetries are not sufficient to constrain them and one additional information is needed. 
We have thus added the informations coming from the integrated top density matrix 
elements and discussed the influence of the uncertainty affecting the top decay width. 
Varying it from 2% to 20%, the observability limits for this set of couplings lie in the 
range 0.01 to 0.05. 

The improvement brought by beam polarization corresponds to roughly a reduction 
of the invisible domain by a factor 2. 

We have also considered 3 different e + e~ collider energies, 0.5, 1 and 2 TeV. The order 
of magnitude of the observability limits for d\ and d 2 , do not depend strongly on the 
energy. On the contrary, for the tensor coupling J 3 , the sensitivity increases by one order 
of magnitude, as the energy increases from 0.5 to 2TeV. 

We have also considered more specific cases of NP models in which the number of free 
parameters is reduced. In these cases asymmetries alone allow to constrain all parame- 
ters, because there exist relations between the two aforementioned sets of NP couplings. 
In such cases, it is possible to get strong constraints that are independent of the top 
decay couplings. We have made illustrations for the case of 4-parameter, 3-parameter, 
2-parameter and 1-parameter models, suggested by the effective lagrangian descriptions. 
Visibility domains are obviously now increased, reaching in some cases the few permille 
level. As compared to present indirect constraints from LEP/SLC (which are at the 
10% level in the 2-parameter case) and to the constraints expected on the charged 
current couplings Wtb at LHC (also at the 10% level) [§], this represents an important 
improvement. 

Translating to NP scales through the unitarity relations []7|, [T4| , we find that the percent 
level in the sensitivity to these couplings (precise values depending on the considered 
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operators), corresponds to NP scales in the 10 TeV region. 

Finaly we should state that our analysis is of theoretical nature and should certainly 
be adapted to specific experimental and detection configurations. We believe though, 
that it has the advantage of pointing out the merit of each type of observable, and of 
specifying the results which do not depend on assumptions about the possibly unknown 
top decay couplings. 
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Table 1: Expected accuracy on observables 





Integrated p-elements 


Norm, accuracy 


Sa t /a t 


SH t /H t 


ST t /T t 


<$iyr t = 0.02 


0.028 


0.19 


0.29 


<siyr t = 0.20 


0.20 


0.27 


0.35 



Unpolarized Asymmetries 


Polarized Asymmetries 


SA FB 


SA EC 


SH FB 


8T FB 


0/i LR 




0/i EC 




6Hjg> 


MS 


ST F t 


0.017 


0.020 


0.23 


0.31 


0.019 


0.050 


0.058 


0.75 


0.053 


0.82 


0.11 



Table 2: Sensitivity limits for 6 free parameters in the polarized case 

(For each energy the three lines correspond to constraints obtained, without (a t , H t , T t ), 
or with cr t , H t , T t , assuming a normalization uncertainty of 2% or 20%) 





sr t /r t 


dj 


dl 


d\ 


dl 


d z 2 


4 


0.5 


no a t ,H t ,T t 




0.020 


0.049 






0.050 


0.5 


20% 


0.055 


0.019 


0.043 


0.032 


0.049 


0.044 


0.5 


2% 


0.023 


0.018 


0.043 


0.026 


0.031 


0.039 


1 


no <Jt,H t ,T t 




0.014 


0.016 






0.010 


1 


20% 


0.056 


0.013 


0.014 


0.025 


0.044 


0.008 


1 


2% 


0.019 


0.013 


0.014 


0.018 


0.022 


0.007 


2 


no a t ,H t ,T t 




0.013 


0.012 






0.006 


2 


20% 


0.056 


0.012 


0.008 


0.023 


0.044 


0.003 


2 


2% 


0.016 


0.011 


0.008 


0.016 


0.020 


0.003 
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Table 3: Sensitivity limits for 6 free parameters in the unpolarized case 

(with a t , H t , T t and a 2% or 20% normalization uncertainty) 





sr t /r t 


dj 


dl 




df 


d z 2 


dl 


0.5 


20% 


0.082 


0.032 


0.056 


0.103 


0.063 


0.109 


0.5 


2% 


0.034 


0.031 


0.055 


0.093 


0.041 


0.096 


1 


20% 


0.081 


0.024 


0.021 


0.081 


0.057 


0.016 


1 


2% 


0.031 


0.023 


0.021 


0.067 


0.031 


0.014 


2 


20% 


0.081 


0.023 


0.017 


0.078 


0.056 


0.006 


2 


2% 


0.030 


0.022 


0.017 


0.063 


0.030 


0.006 



Table 4: Sensitivity limits with 4 free parameters 

(same captions as in Table 2) 





sr t /r t 


Polarized 


Unpolarized 






dl 


df 


df 


df 


dj 


df 


df 


dl 


0.5 


no a t ,H t ,T t 


0.042 


0.040 


0.089 


0.042 


0.140 


0.391 


0.235 


0.693 


0.5 


20% 


0.018 


0.026 


0.043 


0.038 


0.006 


0.057 


0.029 


0.070 


0.5 


2% 


0.004 


0.020 


0.025 


0.033 


0.006 


0.070 


0.029 


0.071 


1 


no a t ,H t ,T t 


0.015 


0.020 


0.046 


0.010 


0.030 


0.302 


0.111 


0.123 


1 


20% 


0.010 


0.017 


0.032 


0.007 


0.015 


0.065 


0.041 


0.013 


1 


2% 


0.004 


0.014 


0.017 


0.006 


0.005 


0.048 


0.020 


0.010 


2 


no <T t ,H t ,T t 


0.012 


0.016 


0.041 


0.005 


0.018 


0.291 


0.104 


0.051 


2 


20% 


0.007 


0.014 


0.026 


0.003 


0.004 


0.038 


0.018 


0.004 


2 


2% 


0.003 


0.012 


0.016 


0.003 


0.005 


0.044 


0.018 


0.004 
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Table 5: Sensitivity limits with 3 free parameters 

(same captions as in Table 2) 





ST t /T t 


Polarized 


Unpolarized 






dl 


d z 2 


dl 


dl 


dl 


dl 


0.5 


no a t ,H t ,T t 


0.026 


0.055 


0.029 


0.048 


0.104 


0.220 


0.5 


20% 


0.015 


0.035 


0.017 


0.025 


0.053 


0.021 


0.5 


2% 


0.004 


0.024 


0.011 


0.005 


0.029 


0.015 


1 


no a t ,H t ,T t 


0.009 


0.023 


0.009 


0.023 


0.055 


0.106 


1 


20% 


0.007 


0.017 


0.006 


0.015 


0.038 


0.008 


1 


2% 


0.004 


0.014 


0.005 


0.004 


0.019 


0.007 


2 


no a t ,H t ,T t 


0.007 


0.015 


0.005 


0.016 


0.043 


0.050 


2 


20% 


0.005 


0.011 


0.003 


0.038 


0.018 


0.004 


2 


2% 


0.003 


0.010 


0.002 


0.013 


0.034 


0.004 



Table 6: Sensitivity limits with 2 free parameters 

(same captions as in Table 2) 





5T t /T t 


Polarized 


Unpolarized 






df 


dl 


df 


dl 


0.5 


no o u H u T t 


0.012 


0.027 


0.373 


0.090 


0.5 


20% 


0.012 


0.027 


0.042 


0.032 


0.5 


2% 


0.010 


0.025 


0.026 


0.029 


1 


no a t ,H t ,T t 


0.012 


0.020 


0.286 


0.074 


1 


20% 


0.012 


0.020 


0.045 


0.024 


1 


2% 


0.011 


0.017 


0.030 


0.020 


2 


no a t ,H t ,T t 


0.013 


0.019 


0.276 


0.074 


2 


20% 


0.012 


0.019 


0.052 


0.024 


2 


2% 


0.011 


0.016 


0.032 


0.018 
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Table 7: Sensitivity limits for 1 free parameter, polarized/unpolarized cases 

(Limits correspond to the couplings associated to each operator, the corresponding value 
of the NP scale is indicated below. The column "other constraints" refers to LEP1/SLC 
(a) from (b) from Rb and (c) to limits expected from LEP2. 



Operator 


A /i = 5 TeV 


y/s = 1 TeV 


y/s = 2 TeV 


other constraints 




0.53/1.62 
fO 98) /fO 56) 


0.26/0.53 
fl 41) /fO 99) 


0.18/0.31 
fl 68) /fl 29) 


-0.14 ±0.07^ 


^qt 


0.10/0.30 
(9 A7\ /n A9\ 


0.049/0.099 

(1 ^\ 1(9 AQ\ 


0.034/0.057 
rzL 9zL"l 9(\\ 


-0.027 ±0.013^ 




0.064/0.11 

(1 (\(X\ 1(9 19\ 


0.017/0.039 

(\ R7\ 1 C\ 

yO .O l J / yO.OO J 


0.010/0.026 
(7 A&\ /(A 7C\\ 







0.14/0.36 
(9 ^ /fl 4fil 


0.043/0.11 
(A 9A\ 1(9 (\A\ 


0.027/0.071 

(K Qf\\ /(Q Qfll 


-0.13 ±0.06^ 


On 


0.010/0.023 

(~\ 1 ^7\ 1(7 P>(\\ 
y ll. o / ) / yt .UU j 


0.0090/0.018 

(A9 AR\ MR F>9\ 


0.0089/0.017 

H 9 9A\ /(R 7^\ 

yLL.L^ j j yo. 1 OJ 


0.01^; 0.14 ±0.07^ 


o Dt 


0.039/0.093 

(9 RA\ 1 (A 


0.011/0.018 
(^ 97\ 1 (A 1 K\ 


0.0052/0.0071 

(7 RA\ /(F> F>R\ 


0.03^; -0.06 ±0.03^ 


Otw® 


0.0010/0.0021 
(A9 F>7\ /(9Q Q7\ 


0.00067/0.0010 
(W 1A\ 1 (A9 7"\\ 


0.00043/0.00056 

(F>F> 1 F>\ /(^R 1 D"! 


0.014^ 




0.0011/0.0027 

(A~\ 1 (9(\ ^9\ 


0.00079/0.0015 
(AR R9\ 1 C^P, 1 1 


0.00060/0.0012 

(^ RQ\ IC^Q 8D"l 

^OO.Oj J j yOa.OKj J 


0.013^ 




0.027/0.029 
(7 RF>\ 1 (7 ^(W 


0.023/0.025 

(Q C\R\ 1 (R ^A\ 

ycf . UO J j yO.O^ J 


0.045/0.047 
(A 71 /(A ^9) 





o w 


0.065/0.13 
(~\ 17\ l(C\ 

l l.O / J j yVj.aO J 


0.021/0.045 
(9 1 Yl f\^\ 

yZ.OO J j \ l.UJ J 


0.014/0.030 

(9 Q^^ 1(9 (Y)\ 


0.1 (c) 




n 11 1 ( \ o o 

0.11/0.22 
(1.35)/(0.94) 


0.036/0.075 
(2.35)/(1.63) 


0.023/0.050 
(2.91)/(1.99) 


n 1 ( c) 




0.071/0.14 
((2.98)/(2.09) 


0.020/0.043 
(5.66)/(3.81) 


0.012/0.028 
(7.14)/(4.76) 


0.1 w 


Oww 


0.28/0.56 
(1.56)/(1.10) 


0.29/0.45 
(1.52)/(1.22) 


0.51/0.66 
(1.15)/(1.01) 


0.015^ 


Obb 


0.32/0.78 
(1.99)/(1.27) 


0.37/0.69 
(1.83)/(1.35) 


0.77/1.53 
(1.27)/(0.91) 


0.05^ 




0.57/0.68 


0.68/0.81 


1.74/2.08 


0.01 (c) 
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Appendix A 



We give here the explicit expressions of the coefficients determining the NP effects of 
each anomalous coupling on the various observables A 1 that we consider. These expres- 
sions are given in terms of dh ,R couplings defined through (|T5|) by 



df> R = df> R -df> R > SM , (A.l) 

in the form 

6A* = £ [Kfdf + Kfdf] . (A.2) 

j=l,3 



They are obtained from the expressions (|29| - f42D of the observables and the expansions to 



first order in NP couplings of the combinations (|24| - f2"8| ) . Thus, using the definitions 



a i = A2SM H -Aism , a 2 — A2SM -Axsm > (A- 3) 

s s 

h - aL-R I 2m t A L-R h _ aL-R 4m t aL-R (k »\ 

°1 — A 2SM "l ~ A XSM 1 °2 — A 2SM ~ A ISM 1 

and the combinations Af^ R R , B^ A f and C^f computed from (Pl-^H) with 



H L - - 4. ^ l s w) jr _ 2 _ 1 g g jy \ - > 

a lSM — a + o e 2 ^2 A °1SM ~ o ,9 A 



d 2SM — 8c 2 J"* d 2SM — T^T ( A -6) 



__ 1 - 2s W,, jR _ X 

U 25M — 

we get 

a) Integrated observables 



<7f 





(1 + 


2m f 2 










s 


K L 2 = 




a 2SM 




a 1 




2A 2 


a lSM 




a 1 



jR 

tsR r,o2 a 2SM 

K 2 = 2 Pt > 

Oi 

^ = _ W 2 d?SM (A 7) 
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Ah jR 
K L _ a 2SM K R _ a 2SM 

^1 n>L+R ' ""-1 r>L+R ' 
n lSM n lSM 

K} = §SM , K H = ^M, (A .g) 
n lSM n lSM 



2d ism 
r^L+R 

U 1SM 



"im 2 \ d L rsM 



m 2 t 



R 
ISM 



K* = 



K. 



r^L+R 

U 1SM 



R 



V 



2 )—L 

J Cist 



1SM_ 
R 
ISM 



(A.9) 



b) Unpolarized asymmetries 



A 



FB 



d\sM 2d\ SM 2m^ R d^sM 2df 5M 2m^ 

K i =^ztr : — + — ) > K i = —j^r : — + — ) 



A$SM fll S ^3SM fl l 

L _ U 1SM _ U 2SM j^R _ _ U 1SM _ ^2 U 2SM 



K L = 2f] 2^SM ^ K R = 2 p2dfsM^ (A1Q) 
CLi d\ 



A 



EC 



ifL ^d\ SM( 4mJ\ 2(if 5M 2mf L „ 2 >l /I 1\ 

K i = 1 1 J U H J » A 2 = l Ptd 2 sM\ > > 

Jf H = 2^ 1 _4r^ ) _2^ 1 + 2rn? 1^ = 2/^(1-1), 

a 2 s ai s a 2 Oi 

K^ = ^Msm(^ + ^-) , ^ = 4«5m(^ + ^), (A.11) 



t^L _ 2^i5M _ d\ SM R _ 2di SM _ d>2SM_ 

1 ~~ uL+R r>L+R ' A l ~~ r>L+R r>L+R ' 

_ Q #2 ^25M ^1SM jy-R <-> n2^2SM_ _ ^1SM_ ( A 1 9\ 

^2 — Z Pt r>L+R r>L+R ' ^2 ~ Z Pt r>L+R r>L+R ' 
D 2SM D \SM D 2SM D \SM 
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T, 



FB 



V 



U 2SM 

r<L+R 

°2SM 



a 2SM 



9rl L 
za lSM 

a lSM 
' siL+R 

a lSM 



V2SM 



R 



R 



K. 



R 



K* = 



^2SM 

r<L+R 

jR 

a lSM 
/~iL+R 
U 2SM 



+ 



2^fgM 

r^L+R 



d-2SM 



r<L+R 
U 2SM 



+ 



qL+r 



(A.13) 



c) Polarized asymmetries 



A (vol) 
^FB 



i (p°0 



iff = 2d 



ISM 



2m, 2 1 1. 

1+— 1 T- 

s Oi ai 

z 2A^2Sm(t ) 
Oi ai 

ai 



-^3 — ~^$di SM \— 



xf = -2df 5M (l+^)(i + i), 

s Oi ai 



-2A 2 ^5M( r + -) , 
t>i ai 

Oi ai 



(A.14) 



a 2SM 
A L-R 



2^i5M q _|_ 2m 2 

a lSM _ 9 Q2 a 2SM 
L-R Z Pt 



A 



3SM 



-"■3 



6i 

2 a lSM 



bi 



R 



d-2SM 
aL-R 
^3SM 



2^fgAf 

bi 



2m 2 , 



A L-R + Z Pt . 



= -2A 2 ^ 



(A.15) 



2rff 5A f 



9rl L 
za lSM 

bi 



(1 



2m 2 ^ 



(1 



1 



't^2SM 



02 0\ 



Ki } =A0id L lSM {i- + —) , K« = -0td? SM (i- + — ),(A.16) 



?2 



1 



26i 



26/ 
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H 



LR 



tsL _ iL /__!; 1 \ zfR _ jR ( 1 1 

^1 — a 2SM\ aL+R aL-RJ ' A l ~~ "25MV 



/iL+R /li--R'' ' 1 ™2SM\ A L+R 1 ^L-iJ/ ' 

\ \ \ I 

K 2 = d 1S Al( aL+R ~ aL-r) ' K l = -dlSAli A L+R + aL-r) ' ( A - 17 ) 
^SSM ^SSM A ZSM ^SSM 



rripol) 



K L _ z "lSM _ U 2SM jy-R _ ZU 15M , U 2SM 

^1 ~~ 4L+i?, 4 L+R ' ^1 — aL+R "t 4 L+_R. ' 

7>-L _ ^Pt^2SM _ disM jfR _ ^Pt^2SM , ^fsM a in\ 

A 2SM ^ZSM /1 25M ^SM 



LB 



K 



2di 



r<L-R 



riL+R> 



+ 



ISM 



riL+R) 



K 



K 



R 



Tlli 



P 



mi 



"ISM 1 



riL-R 



r<L+R> 



c 



L-R 
ISM 



+ 



c 



(A.19) 



ISM 



rp(pol) 

1 FB 



jy-L _ ^2sm _ %d 1SM R _ d 2SM _ 2d 1SM 

A l ~~ r L-R s-iL—R ' A l ~~ r L-R s-iL—R ' 
js-L _ U 1SM j^R _ U 1SM 



'2 n L-R ' " I1 2 n L-R ' 

°2SM °2SM 



^ = WfeW ff* = HDJ! (d&w +^1. (A.20) 

tt)2 \ /~lL—R /~iL—R I ' o m 2 \ /~iL — R /~iL — R I 



The coefficients for the tij and rf^ couplings are easily obtained from relations (15). 



K 1 

3 



Kf + Kf 



3 



l-2s 2 



4 s 2 r 2 



xKf- 



(A.21) 



This allows to write: 
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6A* = £ i K l d l + K f d f] ■ (A.22) 

3=1,3 

In Table Al we give for illustration the values of these K] ,Z coefficients at 1 TeV. With 
this table one can appreciate the role of each observable, non polarized asymmetry, polar- 
ized asymmetry and integrated p elements (taken with a 2% normalization uncertainty), 
in establishing the limits for each coupling. 



Table Al: Numerical values of Kf z at 1 TeV. 



A 1 


d\ 


dl 


dl 


df 


d'i 


d'i 


A FB 


-28.98 


-15.86 


63.50 


-9.74 


-42.37 


12.17 


A EC 


-0.68 


-0.10 


52.07 


-0.13 


-0.95 


9.98 


Hfb 


-5.14 


-39.36 


0.00 


-5.62 


-9.01 


0.00 


T FB 


-0.50 


-4.81 


2.23 


-0.68 


-0.92 


-7.76 


A (A) 
A LR 


-17.51 


-51.63 


14.47 


79.91 


7.24 


-66.07 


A (pol) 
FB 


-8.42 


-65.45 


9.86 


-9.33 


-14.80 


35.38 


A (P° l ) 
A EC 


-0.06 


-1.51 


10.28 


-0.21 


-0.16 


36.89 


A (B) 
LR 


-5.26 


-49.29 


0.00 


18.34 


0.00 


0.00 


H FB 


-15.61 


-8.73 


0.00 


-5.31 


-22.85 


0.00 


AO) 
A LR 


4.38 


0.00 


-31.39 


-15.27 


0.00 


109.39 


rpipol) 

1 FB 


-2.44 


-0.98 


-0.88 


-0.69 


-3.52 


3.05 


Ot 


82.36 


-2.62 


-68.10 


15.78 


-24.98 


-13.05 


H t 


2.13 


-55.49 


0.00 


20.35 


-10.63 


0.00 


T t 


5.06 


0.00 


-36.26 


18.16 


0.00 


-130.11 
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Figure captions 



Fig.l Observability limits in the 6-parameter case; with polarized beams (a) (c) (e) (g) 

(i) (k), with unpolarized beams (b) (d) (f) (h) (j) (1); from asymmetries alone ( ), from 

asymmetries and a t , H t , T t with a normalization uncertainty of 2% ( ), 20% (— — ). 

Fig. 2 Observability limits in the 4-parameter case; same captions as in Fig.l. 

Fig. 3 The observability ellipsoid in the 3-parameter case with polarized beams. 

Fig. 4 Observability limits in the 3-parameter case; with polarized beams (a)(c)(e), 
with unpolarized beams (b)(d)(f); same captions. 

Fig. 5 Observability limits in the 2-parameter case; with polarized beams (a), with 
unpolarized beams (b); same captions. 
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